Background: Alteration in the biotransformation of exogenous compounds can result in production of reactive oxygen species (ROS), which can predispose cells to malignant transformation in the head and neck. This study aimed to evaluate the expression of genes involved in antioxidant metabolism in the oral squamous cell carcinoma (OSCC).
Introduction
Oxidative stress is associated with the imbalance of intracellular reactive oxygen species (ROS) / antioxidants, and ROS that are not efficiently neutralized or removed (Bentz, 2007) . This imbalance leads to the increase of ROS, formation of DNA adducts, activation of proto-oncogenes, and inhibition of tumor suppressor genes (Matsui et al., 2000) . ROS are produced as a result of the consumption of nicotinamide adenine dinucleotide phosphate (NADPH) by microsomal cytochrome P450 (CYP450) (Zangar et al., 2004) . CYP450 is the main enzyme family which plays a role in the oxidative biotransformation of drugs and other lipophilic exogenous chemical compounds (Guengerich, 2008) . Redox cycling catalyzed by CYP enzymes results in the release of superoxide radicals, an important ROS. Intra-and extracellular levels of superoxide radicals are controlled by antioxidant enzymes, such as the superoxide dismutase (SOD) family. SOD reduces superoxide to hydrogen peroxide and molecular oxygen (Young and Woodside, 2001; Buettner et al., 2011) . Despite the presence of SOD, other enzymes and agents compose an antioxidant system able to eliminate the reactive species formed in the redox reactions. Catalase (CAT), peroxiredoxin (PRDX), glutathione peroxidase (GPx), and glutathione reductase (GR) are the main enzymatic antioxidants directly involved in the neutralization of hydrogen peroxide (Halliwell, 2007) .
The lack of antioxidants and the increase of lipid peroxidation and nitric oxide have been observed in cases of oral cancer (Rasheed et al., 2007) . Oxidative stress-related enzymes can participate in the carcinogenesis and play an essential role in individuals' susceptibility to this disease (Masood et al., 2011) . Therefore, alteration in the expression of these enzymes can indicate possible mechanisms involved in head and neck cancer. This study aimed to investigate the contribution of ROS metabolism in the development of oral squamous cell carcinoma (OSCC). We evaluated the expression profile of 84 genes involved in the antioxidant metabolism in OSCC and identified the biological mechanisms related to the differentially expressed genes.
Materials and Methods

Tissue samples
This study was approved by the Research Ethics Committee of Sao Jose do Rio Preto Medical School -FAMERP (no. 752.570). Sixteen tissue samples (eight OSCC and eight adjacent non-tumor tissues) were collected from 2013 to 2015 during surgical resection procedure at the Otolaryngology and Head and Neck Surgery Service, Hospital de Base, Sao Jose do Rio Preto, Brazil. Fresh tissues were immediately frozen in liquid nitrogen and stored at -80ºC until processing. All cases were histologically confirmed by a pathologist. Table 1 shows the clinicopathological characteristics of the OSCC patients. The tumor staging was performed according to the parameters of the Union International Control Cancer and American Joint Committee for Cancer (Sobin and Wittekind, 2010) . T1N0 tumors were classified as stage I; T1N1 and T2N0-1 tumors were classified as stage II; T3N0-1 and T1-3N2 tumors were classified as stage III; and T4N0-3, T1-3N3 and T1-4N0-3M1 tumors were classified as stage IV. For statistical analysis, the tumors were grouped into non-advanced (stage I and II) and advanced (stage III and IV) categories.
Quantitative Polymerase Chain Reaction (qPCR)
RNA samples were extracted from tissues using TRIzol Reagent (Ambion, Austin, TX). Synthesis of complementary DNA (cDNA) was performed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). Expression of genes involved in the antioxidant metabolism was quantified using the TaqMan Array Human Antioxidant Mechanisms (Applied Biosystems, Foster City, CA). The array contains probes for quantification of the expression of 84 genes encoding antioxidant proteins. The relative expression (fold change) was calculated using the ΔΔCt method (Livak and Schmittgen, 2001 ), using non-tumor samples as calibrators. Amplification reaction was performed according to manufacturer's instructions on the StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, CA).
Identification of biological mechanisms related to the differentially expressed genes
The investigation of the biological processes related to the differentially expressed genes was performed using Gene -NCBI, KEGG, UNIPROT and REACTOME databases.
Statistical analyses
Boxplots were performed to check the normally distributed data for outliers. D'Agostino & Pearson's omnibus normality test was used to test for normal distribution. Gene expression analyses were performed using the One Sample T test or Wilcoxon Signed Rank test. Also, the Mann-Whitney test was used to evaluate the gene expression in relation to the tumor progression. Statistical analyses were performed using GraphPad Prism version 5.1. P-value < 0.05 was considered significant.
Results
Twenty-one genes were differentially expressed in OSCC (P < 0.05) compared to non-tumor tissues (Table 2) . Four genes were up-regulated (fold change > 1), and 17 were down-regulated (fold change < 1) in OSCC ( Figure. 1 ). Fourteen genes (ALOX12, CSDE1, DHCR24, DUOX1, DUOX2, EPHX2, GRLX2, GPX3, GSR, GSTZ1, MGTS3, OXR1, OXSR1, and SOD1) differentially expressed in OSCC were investigated for the first time by this study. After bioinformatics analysis, the oxidative stress-related genes were associated with fifteen important biological processes for carcinogenesis, including inflammation, angiogenesis, apoptosis, genomic instability, invasion, survival, and cell proliferation ( Table 3 ). The differential expression of these genes first investigated by our study suggests an important participation of Glutathione metabolism in oral cancer since four of these genes participate in this metabolic pathway (GSR, MGST3, GPX3, and GSTZ1).
The analysis of gene expression according to the tumors' clinical parameters (tumor extension or tumor progression) is presented in the Tables 4 and 5. Only one patient presented nodal metastasis. Gene expression was not associated with tumor extent (P > 0.05). Regarding the tumor progression (TNM stage), only the PRDX1 gene was significantly down-expressed in advanced tumors (P = 0.036).
Discussion
Our results showed twenty-one differentially expressed oxidative stress-related genes in OSCC. Fourteen of GSTZ1 and MGST3 genes encode GST enzymes and were negatively regulated in this study. MGST3 genes encode a membrane-associated protein, which reduces the GSH and serves antioxidant functions (Yates et al., 2006) . Reduced expression of MGST3, as observed in our study, can contribute to the inefficient detoxification of carcinogens and malignant cell transformation (Strid et al., 2008) . In our study, Superoxide dismutase 1 (SOD1) gene expression was reduced in oral tumors. Superoxide is an important ROS and plays a central role in oxidative stress.
these genes were analyzed for the first time in OSCC, highlighting possible novel biomarkers for OSCC development. These genes play a role in the control of oxidative stress, mediating the neutralization of the deleterious effects of oxygen byproducts by removing free radical intermediates. Among the differentially expressed genes first investigated in our samples, GSR (Glutathione reductase), MGST3 (Microsomal glutathione S-transferase 3), GPX3 (Glutathione peroxidase 3), and GSTZ1 (Glutathiona S-transferase zeta 1) participate in Glutathione metabolism. The deregulation of these four genes involved in the same pathway could suggest an 
Steroid biosynthesis DHCR24
Detoxification of reactive oxygen species SOD3, SOD2, SOD1, ATOX1, PRDX1, CAT, OXR1
Prion diseases PRPN
Nucleotide metabolism GLRX2
Regulation of gene transcription CSDE1
Phosphorylation protein OXSR1 Table 3 . Biological Mechanisms Related to the Differentially Expressed Genes
The SOD enzyme converts superoxides to hydrogen peroxide and oxygen, and it prevents the accumulation of ROS and altered proteins in the membranes of mitochondria, avoiding oxidative damage and cancer, so reduced amounts of this enzyme appear to be crucial in oral carcinogenesis. Low expression of SOD1 was also observed in gastric (Monari et al., 2006) and endometrial adenocarcinoma (Pejić et al., 2008) . In epidermoid carcinoma cells, the inhibition of SOD1 resulted in both pro-oxidant and antioxidant effects caused by the increase Figure 1 . Relative Expression of Oxidative Stress-related Genes in OSSC. Fold Change were Log2 transformed (y-axis). Whiskers plot (min. to max.). Calibrator (non-tumor tissues) log fold change = 0. Overexpressed genes: ATOX1, PRDX4, PRPN, and SOD2 (fold change > 0). Down-expressed genes: ALOX12, CAT, CSDE1, DHCR24, DUOX1, DUOX2, EPHX2, GLRX2, GPX3, GSR, GSTZ1, MGST3, OXR1, OXSR1, PRDX1, SOD1, and SOD3 (fold change < 0). Table 5 . Up-Regulated Genes According to the Clinical Parameters of Oral Tumors of superoxide levels and the decrease of hydrogen peroxide levels (Juarez et al., 2008) . The reduction of hydrogen peroxide levels resulted in the protection of protein tyrosine phosphatases from the effects of oxidation, leading to the inhibition of growth factor-mediated phosphorylation of ERK 1 and 2 (extracellular signal-regulated kinase 1 and 2). The ERK signaling pathway is important for the survival and proliferation of tumor cells (Mehdizadeh et al., 2016) . However, the excess of superoxides is toxic and could contribute to tumor development. On the other hand, increased levels of SOD1 were observed in lung (Lee et al., 2010) and breast (Papa et al., 2014) adenocarcinoma cell lines, suggesting a differential activity of SOD1 in different tumor types. The OXR1 (Oxidation Resistance 1) gene also plays an important role in protection against oxidative stress. In OXR1-deficient HeLa cells, the oxidative stress increases in response to hydrogen peroxide (Yang et al., 2014) , contributing to cell damage and malignant transformation. As in our results, OXR1 gene expression was negatively regulated in breast tumor cells (Sirchia and Luparello, 2007) .
T h e r e d u c e d e x p r e s s i o n o f D U O X 1 a n d DUOX2 (Dual oxidase 1 and 2) genes observed in our study suggests deficiency of the antioxidant system and the increase of superoxide levels, which consequently increased oxidative stress in the tumor microenvironment. DUOX1 and DUOX2 genes participate in thyroid hormone synthesis through the release of hydrogen peroxide (De Deken et al., 2000) . Among the NADPH oxidases, only DUOX1 and DUOX2 catalyze the production of hydrogen peroxide instead of extracellular superoxide.
Corroborating our results, evidence indicates that DUOX1 genes can act as tumor suppressors in the initiation and progression of cancer (Ling et al., 2014) . DUOX1 is frequently silenced by promoter hyper-methylation in lung cancer (Luxen et al., 2008) . DUOX1 expression was also reduced in liver cancer and hepatocellular carcinoma (Ling et al., 2014) . Furthermore, the high expression of DUOX1 was associated with a reduced risk of death in thyroid carcinoma (Pulcrano et al., 2007) . In this context, the reduced expression of DUOX1 genes in OSCC corroborates its role in suppressing the increase of ROS and tumor growth related to the arrest of the G2/M cell cycle (Ling et al., 2014) . Regarding the DUOX2 gene, although its elevated expression has been associated with stomach and colon tumors (Qi et al., 2016) , its reduced expression in oral carcinoma can be related to the increase of ROS production and promotion of tumor growth.
GPX3, ALOX12 (Arachidonate 12-lipoxygenase, 12S type), and EPHX2 (Epoxide Hidrolase 2) genes participate in arachidonic acid metabolism and were down-regulated in our study. This metabolism is responsible for the formation of lipid mediators termed eicosanoids, which are associated with inflammation related to the carcinogenesis (Chen et al., 2004) . ALOX12 enzymes metabolize arachidonic acid into 12(S)-HETE ((5Z,8Z,10E,14Z)-(12S)-12-Hydroxyicosa-5,8,10,14-tetraenoic acid), which is associated with tumor progression and metastasis. 12(S)-HETE acts in the modulation of integrin, regulates the secretion of proteinases, increases the motility and invasion of tumor cells, and modulates angiogenesis (Dilly et al., 2013) . High expression of ALOX12 genes was detected in several tumor types, such as breast (Natarajan and Nadler, 1998) , kidney (Yoshimura et al., 2004) , and prostate cancer (Gao et al., 1995) . Interestingly, ALOX12 expression was reduced in oral tumors in our study. This finding suggests that the function of ALOX12 may be non-essential for the oral tumorigenesis. Reduced expression of GPX3 suggests an increase of inflammatory response in oral tumors. GPX3 enzymes can prevent the activation of lipoxygenases like ALOX12, thereby avoiding excessive tissue inflammation (Coussens and Werb, 2002) . Although oral tumors showed reduced expression of ALOX12 genes in our study, other enzymes regulated by GPX3 could act on oral cancer. Also down-regulated in oral tumor samples, EPHX2 genes encoded soluble epoxide hydrolase (sEH) and also presented reduced expression in liver (Zhang et al., 2010) and kidney (Grigo et al., 2008) tumors. However, the increase in EPHX2 expression was observed in other tumor types, such as ovarian (Enayetallah et al., 2006) . In head and neck cells, EPHX2 was overexpressed in response to the administration of N'-nitrosonornicotine, a subproduct of tobacco metabolism (Khammanivong et al., 2016) . However, there are insufficient data in the literature to clarify the role of EPHX2 in head and neck tumorigenesis.
The metabolism of amino acids plays an important role in carcinogenesis because they are precursors for protein synthesis. CAT and GSTZ1 enzymes participate in amino acid metabolism, and reduced gene expression can be associated with the alteration of cell-signaling pathways related to the cancer. Amino acids are necessary for mTOR (mechanistic target of rapamycin) signaling, which is functionally activated in cancer and responsible for the regulation of growth, proliferation, motility, survival, autophagy, and transcription (Hay and Sonenberg, 2004) .
The DHCR24 (24-dehydrocholesterol reductase) gene, which was down-regulated in this study, participates in steroid biosynthesis (Mitsche et al., 2015) . In contrast to the findings of this study, increased expression of the DHCR24 gene was observed in breast (Nagai et al., 2003) and prostate tumors (Nelson, 2002) . Furthermore, high levels of DHCR24 were associated with tumor progression in melanomas and prostate and breast cancer, possibly due to the increase of cholesterol synthesis. Thus, the DHCR24 gene seemingly has no influence on oral carcinogenesis by cholesterol metabolism, but it does do by other mechanisms, such as oxidative stress control, cell apoptosis, or inflammation (Greeve et al., 2000; 64. Wu et al., 2013) .
The GRLX2 gene is also involved in apoptosis and showed reduced expression in oral tumors in this study. The protein Grx2 is responsible for cellular homeostasis and deglutathionylation of protein-mixed disulfides with GSH (Allen and Mieyal, 2012) . In cellular processes, Grx2 serves important processes, such as sulfur assimilation, DNA biosynthesis, apoptosis, redox regulation, intermediation of the activity of transcriptional ligation factors, cell differentiation, and defense against oxidative stress (Hashemy et al., 2007) .
Members of the Glutaredoxin family regulate through deglutathionylation the activity of several enzymes, such as Ras (Rat Sarcoma), Fas (TNF Receptor 6), ASK1 (Apoptosis Signal-Regulating Kinase 1), NF-κB, and Pro-Caspase-3, which play a role in the control of cell apoptosis (Allen and Mieyal, 2012) . Deglutathionylation of Ras can result in activation of the MEKK (Mitogen-activated protein kinase/Extracellular signal regulated kinase kinase kinase) pathway, inhibition of Akt, and activation of apoptotic effector proteins (Allen and Mieyal, 2012) . In this context, the reduction of GRLX2 expression could avoid oral tumor cell death, contributing to tumor development.
In this study, the CSDE1 gene, which encodes the protein Unr (upstream of N-ras), presented reduced expression in oral tumors. CSD (cold shock domain) are nucleic-acid-binding proteins that act in the regulation of gene transcription, protein translation, and cell proliferation. The expression of these proteins is induced by cellular stress. CSD proteins are constantly secreted and bind to specific receptors on a cell's surface, influencing cell proliferation and migration (Lindquist et al., 2014) . Unr protein expression can be regulated by auto regulation and inhibited by such genes as c-myc (Anderson and Catnaigh, 2015) , an oncogene related to tumor cell proliferation. Although c-myc is up-regulated in OSCC, according to the literature (Pai et al., 2009) , there are no consistent data on the role of Unr in the mechanism involved in head and neck cancer development.
The OXSR1 gene, meanwhile, was down-regulated in this study. OSR1 protein is responsible for the regulation of ion transportation and downstream signaling in response to environmental stress. OSR1 is activated in response to oxidative stress (Kozlov et al., 2016) , and it is involved in angiogenesis by activation of WNK 1 (With no lysine (K)) protein (Dbouk et al., 2014) . According to our knowledge, there are no data in the literature on gene and protein expression of OSR1 in tumor cells. However, the OXSR1 gene has presented hyper-methylation of the promoter region in lung squamous cell carcinoma (Rauch et al., 2012) , leading to the inhibition of gene transcription. This finding could indicate inhibition of this gene by mechanisms of gene expression regulation that could influence tumor development. Furthermore, it was observed that OSR1 participates in molecular pathways associated with protection mechanisms. A study in human embryonic kidney cells showed that OSR1 is responsible for the phosphorylation of the tumor necrosis factor receptor RELT (Receptor expressed in lymphoid tissues) (Cusick et al., 2006) . Tumor necrosis factors are involved in tumor cell death, proliferation, apoptosis, inflammation, and stress response (Locksley et al., 2001) . Therefore, RELT activation mediated by OSR1 is an important mechanism for the apoptosis induction and inhibition of tumor development. Reduced expression of OXSR1 in OSCC corroborates its role in cellular protection and inhibition of the malignant transformation.
According to our knowledge, there are no data in the literature on SOD1, OXR1, MGTS3, GSTZ1, GSR, GPX3, DUOX1, DUOX2, ALOX12, EPHX2, DHCR24, GRLX2, CSDE1, and OXSR1 expression in OSCC. In this study, we performed a screening test to evaluate the expression profile of oxidative stress-related genes in OSCC. The identification of novel biomarkers for OSCC contributes to the thorough investigation of the role of these genes in a larger sample and in vitro analysis to elucidate the biological processes involved in oral carcinogenesis. Studies on the actuation of these genes in the biological processes involved in tumor development and progression are promising for drug and therapy discoveries for oral cancer treatment.
